Bone injury induces an inflammatory response that involves neutrophils, macrophages and other inflammatory cells. The recruitment of inflammatory cells to sites of injury occurs in response to specific signaling pathways. The CC chemokine receptor type 2 (CCR2) is crucial for recruiting macrophages, as well as regulating osteoclast function. In this study, we examined fracture healing in Ccr2-/-mice. We first demonstrated that the expression of Ccr2 transcripts and the filtration of macrophages into fracture calluses were most robust during the early phases of fracture healing. We then determined that the number of macrophages at the fracture site was significantly lower in Ccr2-/-mice compared with wild-type controls at 3 days after injury. As a result, impaired vascularization, decreased formation of callus, and delayed maturation of cartilage were observed at 7 days after injury in mutant mice. At day 14, Ccr2-/-mice had less bone in their calluses. At day 21, Ccr2-/-mice had larger calluses and more bone compared with wild-type mice, suggesting a delayed remodeling. In addition, we examined the effect of Ccr2 mutation on osteoclasts. We found that a lack of Ccr2 did not affect the number of osteoclasts within fracture calluses at 21 days after injury. However, Ccr2-/-osteoclasts exhibited a decreased ability to resorb bone compared with wild-type cells, which could contribute to the delayed remodeling of fracture calluses observed in Ccr2-/-mice. Collectively, these results indicate that a deficiency of Ccr2 reduces the infiltration of macrophages and impairs the function of osteoclasts, leading to delayed fracture healing.
INTRODUCTION
Unlike most vertebrate tissues that heal by forming scar tissue, bone heals through regeneration. Fracture repair occurs in three distinct but overlapping stages: the early inflammatory stage, the regenerative stage, and the later remodeling stage (Kalfas, 2001) . Initially, inflammatory cells, including neutrophils and macrophages, infiltrate and debride the site of injury. Concomitantly, stem cells differentiate into chondrocytes and osteoblasts to form new cartilage and bone. The cartilage is subsequently replaced by bone through the process of endochondral ossification, and the callus is then remodeled until optimal biomechanical properties are achieved. Thus, fracture healing is a highly complex and coordinated process that involves interactions between many cell types. Our goal is to begin examining the interactions between various types of inflammatory cells that are involved in fracture repair, because a better understanding of this process may promote therapies that will improve bone healing.
The inflammatory stage may be crucial for successful fracture healing, because the chemical signals that are released during inflammation may initiate the cascade of events that culminates in skeletal repair. Several studies have shown that the use of antiinflammatory or cytotoxic medications during the early stages of fracture healing may impair bone repair (Dimmen et al., 2008; Pountos et al., 2008; Simon and O'Connor, 2007) . However, these studies have not established a direct relationship between inflammatory cells and bone fracture healing. In part, these agents may act on mesenchymal stem cells instead of inflammatory cells, to inhibit bone repair (Chang et al., 2007) . Some anti-inflammatory agents, such as dexamethasaone and cyclooxygenase-2 (COX-2) inhibitors, affect the differentiation of mesenchymal stem cells into osteoblasts, and favor their differentiation into adipocytes (Ito et al., 2007; Kellinsalmi et al., 2007; Oshina et al., 2007) . Thus, although the result is suppressed inflammation, the role that the inflammatory cells play remains unknown.
The recruitment of inflammatory cells to sites of injury is mediated by chemoattractive chemokines. There are four different subfamilies of chemokines (CC, CXC, CX3C and C) based on their biochemical, structural and functional properties. The CC chemokine CCL2 and its receptor, CCR2, are responsible for monocyte trafficking in the body. In mice that lack the Ccr2 gene, the recruitment of macrophages to sites of injury is impaired (Kuziel et al., 1997; Ma et al., 2002; Schober et al., 2004) . CCR2/CCL2 signaling controls the movement of monocytes from the bone marrow into the bloodstream and from the circulatory system into sites of inflammation after injury (Tsou et al., 2007) . CCR2 is also involved in osteoclast differentiation. Ccr2 mutant mice are osteopetrotic, and the reduced number and function of osteoclasts protects these mice from ovariectomy-induced osteoporosis (Binder et al., 2009) . Therefore, we examined fracture healing in Ccr2-/-mutant mice to assess the role of macrophages and osteoclasts during bone fracture healing.
RESULTS

Recruitment of macrophages to the fracture site during early bone healing
To begin our analysis, we examined the expression of CCR2, its ligand CCL2, and other important chemoattractants during early fracture healing. These chemoattractants include CCL7 [chemokine (CC motif ) demonstrated that all of these chemoattractants were expressed at low levels in uninjured mouse tibiae. Their expression was significantly increased at 2 days after bone injury. At 7 days after injury, the expression of all of these chemoattractants except CCL8 returned to levels close to normal (Fig. 1A) . We used immunohistochemistry to visualize macrophages in the fracture site. Immunostaining with anti-F4/80 antibody, a panmacrophage marker, illustrated that some macrophages were present in the uninjured hindlimbs (Fig. 1B,C) . At 3 days after fracture, granulation tissue formed at the fracture site and there were a large number of F4/80-positive macrophages within the callus (Fig. 1D,E) , in the injured muscles (Fig. 1F) , and in the region of periosteal reaction (Fig. 1G) . At 7 days, newly formed cartilage and bone were present in the fracture callus. Macrophages were observed in fibrous callus tissues (Fig. 1H,I ) and in a portion of the newly formed bone (Fig. 1J) . However, these cells were not detected within newly formed cartilage (Fig. 1K) . At 14 days, endochondral ossification was robust. Macrophages were mainly located at the periphery of the fracture callus (Fig. 1L,M) . A small number of F4/80-positive cells were observed at the front of endochondral ossification (Fig. 1N ) and lining trabecular bone (Fig. 1O) . At 21 days, all fractures healed by bony bridging. Macrophages were present in the periphery of the fracture callus (Fig. 1P,Q) . Some cells lining the trabecular bone also appeared to stain positively for F4/80 (Fig. 1R) . 3 days after injury. A large number of F4/80-positive cells were present in the callus of wild-type mice at this time ( Fig. 2A,B,I ). By contrast, only a few F4/80-positive cells were detected at the fracture site in Ccr2-/-mice (P<0.01) (Fig. 2E,F,I ). These observations were confirmed using another macrophage marker, Mac-3. Much less Mac-3 immunostaining was detected in Ccr2-null mice compared with wild-type animals (supplementary material Fig. S1 ). In addition, the number of neutrophils was also quantified. A similar number of neutrophils were observed at the fracture site in both wild-type and mutant mice (P=0.27) (Fig.  2C,D,G-I ). Thus, a deficiency of Ccr2 impairs the recruitment of macrophages but not neutrophils after bone injury.
Recruitment of macrophages to the fracture site is altered in
Loss of Ccr2-/-delays fracture healing
To assess the effect that the absence of Ccr2 would have on bone repair, we examined fracture healing in Ccr2 -/-mice. We compared the size and composition of the callus in control mice with Ccr2 -/-mice at various times after injury, and determined that the healing process in the Ccr2 -/-mice was delayed compared with wild-type mice ( Fig. 3) . At day 7, the callus in the Ccr2 -/-mice was significantly smaller than that in wild-type mice (P<0.05), but we did not detect any difference in the total volume of new bone or cartilage in the callus. At this time, the majority of bone is forming by intramembranous ossification in the periosteum or marrow cavity adjacent to the fracture. Since we observed no difference in the amount of bone at this time point, intramembranous ossification does not appear to be affected by the absence of Ccr2. In situ hybridization revealed that cartilage maturation was delayed in Ccr2 -/-mice. Compared with control mice, less of the cartilage in the callus of the mutant mice appeared to be comprised of chondrocytes that had matured and that were expressing collagen type 10 (Fig. 4 , and supplementary material Fig. S2 ). At day 14, there was no difference in callus size, but there was significantly less new bone in Ccr2 -/-mice than in the wild-type mice (P=0.01), which may have resulted from delayed maturation of cartilage and endochondral ossification. At day 21, both callus size and volume of new bone remained large in the Ccr2 -/-mice, but were significantly decreased in the wild-type mice (P=0.016 and P=0.03, respectively). There was no cartilage left in mutant and control animals at this time point. These results indicate that callus formation and callus remodeling were delayed in Ccr2 -/-mice compared with wild-type mice.
Vascular response to fracture is altered in Ccr2-/-mice Since angiogenesis plays an essential role during fracture healing, we examined functional parameters of the vascular system in the callus at day 7 after fracture. The length density of blood vessels in the callus was not significantly different between Ccr2 -/-mice and wild-type mice. However, the surface density of blood vessels in the callus was significantly lower in the Ccr2 -/-mice (Fig. 5) . Thus, the lower surface density suggests that there is an impaired angiogenic response in the mutant animals.
Function of osteoclasts is impaired in Ccr2-/-mice
We quantified osteoclasts at the fracture site at 21 days after injury and found that, based on tartrate-resistant acidic phosphatase (TRAP) staining, Ccr2 -/-mice had similar numbers of osteoclasts when compared with wild-type mice (Fig. 6A ). To test the possibility that Ccr2 deficiency may affect the function of osteoclasts, in vitro differentiation and bone resorption assays were performed on wildtype and mutant osteoclasts. We found that the differentiation of osteoclasts was not significantly affected by deficiency of Ccr2. As shown in Fig. 6B , bone marrow monocytes/macrophages were collected from wild-type or mutant mice and gave rise to similar numbers of osteoclasts when they were cultured in a medium with RANKL (receptor activator of nuclear factor-kappa B ligand) and macrophage-colony stimulating factor (M-CSF was significantly reduced in Ccr2-/-mutant osteoclasts compared with wild-type osteoclasts. Ccr2-/-mutant osteoclasts created smaller resorption pits and a decreased resorption area ( Fig. 6C-F ).
DISCUSSION
Injuries in adult animals elicit complex inflammatory responses.
Inflammation is a defense mechanism by which the host eradicates pathogens and stimulates the healing process (Contreras-Shannon et al., 2007) . Inflammatory cells are a rich source of signaling molecules that coordinate the early phases of healing (reviewed in Lloberas and Celada, 2002; Werner and Grose, 2003) . An example that illustrates the importance of inflammation during bone repair is that suppression of the inflammatory response by non-steroidal anti-inflammatory drugs (NSAIDs) causes delays in fracture healing (Altman et al., 1995; Engesaeter et al., 1992; Gerstenfeld et al., 2003; Sudmann et al., 1979) . Therefore, by defining the inflammatory response to fracture, a more thorough understanding of the role that inflammation has during repair can be gained. Here, we used Ccr2-/-mutant mice to assess the role of macrophages and osteoclasts during bone fracture healing, and determined that macrophages regulate the early phases of fracture healing, possibly by directing the differentiation of chondrocytes and regulating vascularization. Interestingly, we found that these mice have osteoclasts with a reduced function, which delays the remodeling phase of fracture healing.
Role of CCR2 and macrophages during early fracture healing
Results from this study demonstrate that a lack of Ccr2 affects early fracture healing. At 3 days after fracture, Ccr2-/-mice had significantly fewer macrophages at the fracture site. At 7 days after injury, these mice exhibited smaller calluses and delayed cartilage maturation compared with the wild-type animals. Ccr2 deficiency may either delay the differentiation of chondrocytes from progenitor cells and/or delay the maturation of chondrocytes. Our RT-PCR data demonstrate that molecules related to macrophage recruitment were expressed highly at day 2, but not at day 7. In addition, immunohistochemical analysis of the fracture callus of wild-type mice revealed abundant macrophages at 3 days after injury, but fewer at day 7 after injury, and macrophages were absent from cartilage at day 7. During this time period, osteoprogenitor cells are beginning to differentiate and form the skeletal components of the fracture callus. Since we observed differences in the composition of the callus in Ccr2-null mice, we suspect that macrophages may be important during the early phases of cell There is no difference in the length density of blood vessels between Ccr2-/-mice and wild-type mice. The surface density of blood vessels in the fracture callus is significantly lower in Ccr2-/-mice than that in the wild-type mice. Data in graphs are mean ± S.D. *P<0.05. differentiation after injury. We also observed a delay in endochondral ossification. Macrophages may stimulate the initial differentiation of progenitor cells, which leads to enhanced maturation at later time points. Thus, delayed cartilage maturation in Ccr2-null mice could result from inadequate stimulation of chondroprogenitor cell differentiation owing to a lack of macrophage infiltration. By contrast, Ccr2 deficiency did not appear to affect intramembranous ossification. At 7 days after fracture, Ccr2-/-mice exhibited a similar amount of new bone in the callus as the wild-type controls. In a separate study, we examined the effect of Ccr2 inactivation on the healing of stabilized fractures, which normally heal through direct intramembranous ossification. We did not detect significant differences in bone formation in mutant mice compared with wild-type animals (data not shown).
Further exploration is required to determine the exact role of macrophages during early fracture healing. However, a number of intriguing possibilities exist. First, macrophages are a major source of cytokines and other factors that are important for tissue repair. For example, macrophages could produce bone morphogenetic protein-2 (BMP-2) (Champagne et al., 2002) , which stimulates the formation of skeletal tissues. Macrophages also produce interleukin (IL)-6, which is a crucial factor in the regulation of bone marrow mesenchymal stem cells (Rodriguez Mdel et al., 2004) . Second, the inflammatory response involves the coordinated interaction between a variety of distinct cell lineages, including neutrophils and macrophages. Our results demonstrate that the recruitment of macrophages to a fractured bone site was significantly decreased in Ccr2-/-mice, whereas the recruitment of neutrophils to the injured site was not affected. Thus, in Ccr2 mutant mice, the composition of inflammatory cells at the fracture site was altered, and this altered ratio may directly affect the healing process. Lastly, macrophages could affect bone healing by altering vascular repair after fracture. We found that, compared with wild-type animals, the vasculature within fracture callus in Ccr2-/-mice had a reduced surface area for nutrient exchange. This observation is consistent with other reports demonstrating that impaired macrophage recruitment in Ccr2-/-mice leads to a reduction in tissue vascular endothelial growth factor (VEGF) levels and a delay in capillary formation (Capoccia et al., 2008; Ochoa et al., 2007) . Macrophages are key effectors of angiogenesis that contribute to tumor angiogenesis in several carcinomas (Mazibrada et al., 2008; Ohta et al., 2002) , and tumor-associated macrophages have been shown to express VEGF (Gonzalez et al., 2007) .
CCR2 regulates osteoclast activity
In addition to delayed formation of callus and cartilage in the fractures of Ccr2 mutant animals, we also observed a delay in callus remodeling during the later stages of fracture healing. This delay in callus remodeling in Ccr2-/-mice may have been the consequence of a delay in the early stage of the repair process that occurs in these animals. Alternatively, the delay could have been a direct result of altered osteoclast function in these animals, which we then confirmed with our in vitro assay of osteoclast function. We found that Ccr2-/-osteoclasts had reduced bone resorption capacity compared with wild-type cells. Similar findings have been reported by Binder et al. (Binder et al., 2009) , who showed that Ccr2 mutant mice are osteopetrotic owing to the decreased function and number of osteoclasts in bone (Binder et al., 2009 (Marks and Schmidt, 1978; Schmidt et al., 1977) , supporting our conclusion that defective osteoclasts lead to a delay in callus remodeling in Ccr2-null mice. These data indicate that the CCR2 signaling axis is required for adequate osteoclast function. In this study, we did not detect differences in the number of osteoclasts in the fracture callus at day 21 in mutant and wild-type mice, which is inconsistent with the findings of Binder et al. who showed that Ccr2-/-mice have fewer osteoclasts (Binder et al., 2009 ). Binder et al. quantified mature osteoclasts with three or more nuclei, whereas we counted all TRAP-positive cells, which could include immature osteoclasts. Also, we do not know whether the osteoclasts that remodel the fracture callus are of the same population as the osteoclasts in normal bone that regulate homeostasis. Nonetheless, our results agree with those of Binder et al., in that they show defective bone remodeling in Ccr2 mutant animals.
In summary, our results indicate that CCR2 plays an important role during fracture repair. This molecule regulates macrophage recruitment and participates in callus and cartilage formation during early fracture healing. During the late stages of fracture repair, CCR2 is involved in regulating osteoclast function. Interestingly, fracture healing was only moderately affected in Ccr2-/-mice, suggesting that other mechanisms may compensate for the reduction in macrophages at the fracture site. Additionally, our data suggest that macrophages may enhance the healing process, but that these cells are not absolutely required for healing. Further experiments are required to determine these compensating mechanisms, as well as the exact role of macrophages during fracture healing.
METHODS
Animals
All procedures were approved by the Institutional Animal Care and Use Committee at University of California at San Francisco. Ccr2-/-mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) and kept in a specific pathogen-free barrier facility. The production of these mice has been described previously (Boring et al., 1997) . Male, 10-week-old mice were used in this study. Age-and gender-matched, congenic C57BL/6L mice (Jackson Laboratory, Bar Harbor, Maine) were used as wild-type controls.
Non-stabilized fracture
A guillotine designed to provide reproducible blunt trauma was used to create a tibial fracture by three-point bending in anesthetized mice (2% avertin) (Bonnarens and Einhorn, 1984) . The fractures were not stabilized and the mice were allowed to be fully active. In this mechanical environment, fractures heal through robust endochondral ossification (Thompson et al., 2002) , as well as through a small amount of intramembranous ossification. An analgesic (1% buprenex), was injected subcutaneously (100 ml per injection), twice a day, for 2 days.
Real-time PCR
Non-stabilized tibia fractures were created as described above. Animals were sacrificed at 2 days (n=4) and 7 days (n=4) after injury, and fractured tibiae were collected. Briefly, we removed the skin from all specimens, and then we dissected the fractured bone and all adjacent tissues that were located 0.5 cm distal and proximal to the edge of the callus/hematoma. A similar region of the nonfractured tibia was used as a control (n=4). RNA was extracted from these tissues and the quality of RNA was confirmed using an RNA 6000 Nano Chip kit (Agilent, Santa Clara, CA). The primers for CCL2, CCL7, CCL8, CCR2 and MSR1 were purchased from SABiosciences (Frederick, MD). cDNA synthesis and real-time PCR were performed at the Genome Analysis Core Facility at UCSF following their standard protocols. L19, a nonregulated ribosomal housekeeping gene, was used as the internal control.
Histology and histomorphometry
Mice were sacrificed at 3, 7, 14 and 21 days after fracture. Tibiae and surrounding callus tissues were collected and fixed in 4% paraformaldehyde at 4°C for 24 hours. The samples were decalcified in 19% EDTA at 4°C for 10-14 days and then cryo-embedded in OCT compound (Sakura Finetechnical Co., Tokyo, Japan). Consecutive frozen sections (20 mm or 10 mm) were cut through the entire callus and stored at -20°C.
Serial sections (10 mm) through the entire callus that were 300 mm apart were stained with modified Milligan's trichrome to visualize the callus and the new bone in the callus. Safranin O staining was performed to visualize the cartilage in the callus. The sections were digitized using a Leica DMRB microscope and Optronics camera, and were then analyzed using Adobe Photoshop, as described (Lu et al., 2005) . Briefly, the number of pixels comprising each tissue component of the callus was used to estimate the area. The number of pixels/mm 2 was determined using a 1-mm scale bar. The total areas of callus, new bone or new cartilage were determined by dividing the number of pixels by the number of pixels/mm 2 . The volume of the callus, new bone or new cartilage was calculated using the equation for a conical frustum:
A i and A i+1 are the area of callus, cartilage or bone in the sequential sections; h is the distance between sections (300 mm), and n is the total number of sections that were analyzed for each specimen.
Detection of macrophages and neutrophils at the fracture site
Macrophages and neutrophils in the callus at day 3 after fracture were visualized by immunostaining using macrophage-specific (F4/80 or Mac-3; eBioscience, San Diego, CA) and neutrophilspecific (MCA771G; Serotec, Raleigh, NC) antibodies. Briefly, sections were incubated with primary antibodies (1:100 dilution for F4/80 and MCA771G; 1:50 dilution for Mac-3) at 4°C overnight or at room temperature for 1 hour. Sections were then incubated with a second antibody. The immune complex was visualized with diaminobenzidine (DAB) and sections were counterstained with hematoxylin. No antigen retrieval was required. Negative controls were either treated with isotype control antibodies or not incubated with any primary antibodies. For each sample, three to five sections were systematically and randomly selected for immunostaining. The cellular densities of macrophages and neutrophils in the fracture callus were estimated using an Olympus CAST system (Olympus, Center Valley, PA) and Visiopharm software (Visiopharm, Hørsholm, Denmark). On each section, the fracture callus was outlined and fields covering 20% of the outlined callus were randomly selected. A counting
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In situ hybridization
Radioactive in situ hybridization was performed on sections (10-mm thick) to visualize the expression patterns of collagen type 2 (Col2) and collagen type 10 (Col10) in the callus at day 7 after fracture. Radiolabeled sense and anti-sense probes were generated, and hybridization was performed, as described (Thompson et al., 2002) . Slides were counterstained with 2 mg/ml of Hoechst dye. Dark-field microscopy was used to image the exposed silver grains, and superimposed on the fluorescent image. Color was applied linearly to the dark-field image in Adobe Photoshop.
Quantification of blood vessels in fracture callus
To examine angiogenesis in the callus at day 7 after fracture, we performed platelet endothelial cell adhesion molecule (PECAM) staining using an anti-PECAM-1 antibody (Pharmingen, San Diego, CA) on slides prepared from sections through the callus that were 600 mm apart. The length density (the length of blood vessels per unit volume of the reference space) and the surface density (the area of the outer surface of blood vessels per unit volume of the reference space) of the blood vessels within the fracture callus were analyzed using an Olympus CAST system, as described previously (Lu et al., 2008) .
TRAP staining and osteoclast count TRAP staining was performed on serial sections (20 mm) through the callus that were 600 mm apart. The number of osteoclasts in the callus at day 21 after fracture was defined as the number of TRAP-positive cells on the surface of the bone using stereology, as described above. Values were expressed as the number of osteoclasts per mm 2 of callus tissue.
Osteoclast differentiation and function
Osteoclasts were generated from bone marrow monocyte/ macrophage (BMM) precursor cells, as described previously (Mocsai et al., 2004) . Briefly, cells were isolated from femurs/tibias by flushing with PBS using a 25-gauge needle. The cells were then washed and treated with red blood cell lysis buffer (0.16 M NH 4 Cl, 0.17 M Tris, pH 7.65) for 5 minutes at room temperature. Cells were cultured in complete a-MEM (UCSF Cell Culture Facility) supplemented with 10% fetal bovine serum, 1% glutaminepenicillin-streptomycin, and 10-20 ng/ml of M-CSF (Sigma, St Louis, MO). After 2 days of M-CSF stimulation, non-adherent precursors were transferred to a new plate and cultured in complete a-MEM with 25 ng/ml RANKL (Peprotech, Rocky Hill, NJ) and 20 ng/ml M-CSF for an additional 4-5 days, with the addition of fresh media every 3 days. After 3-5 days in culture, cells were fixed with 3.7% formaldehyde in PBS for 10 minutes. Plates were then washed twice in PBS. Cells were stained for TRAP using a commercial kit (product 387-A; Sigma-Aldrich) according to manufacturer's protocol. Multinucleated (>2 nuclei), TRAP-positive cells were then counted by light microscopy. To assess osteoclast function, macrophages were plated on BD BioCoat osteologic discs (BD Biosciences) at a density of 100,000 cells/well and were then treated with RANKL 25 ng/ml and M-CSF 20 ng/ml for 5-10 days. The media were changed every 3 days. BD BioCoat osteologic discs were treated with 20% bleach and agitated for 5 minutes to remove adherent cells, followed by five washes with dH 2 O (distilled water), and air-dried. The surface area with active bone resorption was visualized under an Olympus microscope BX51 and measured by using BioQuant OSTEO II software (BioQuant Image Analysis Corporation, Nashville, TN).
Statistical analysis
Data are presented as the mean plus or minus one standard deviation. Two-way analysis of variance (ANOVA) was performed to test the main effects of Ccr2 gene knockout and healing time, and the interaction between Ccr2 gene knockout and healing time on callus formation. Student's t-test was performed to assess the differences in outcomes at the same time point. P<0.05 was considered significant.
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Results
The authors examine fracture healing in mice lacking the chemokine receptor Ccr2. Signaling through Ccr2 regulates osteoclast function, and is also responsible for trafficking cells of the monocyte lineage, including macrophages, to sites of injury. In normal mice, the expression of Ccr2 and its ligand Ccl2 are high after fracture. In the absence of Ccr2, acute infiltration of the fracture site by macrophages is significantly impaired, but recruitment of other cell types, such as neutrophils, is not affected. The reduction in macrophages is accompanied by reduced vascularity, impaired formation of skeletal tissues, and delayed bone remodeling owing to the decreased ability of Ccr2-negative osteoclasts to resorb bone tissue.
Implications and future directions
This study indicates that inflammatory cells, especially macrophages, play important roles in multiple steps during skeletal repair. Impaired macrophage function in human skeletal trauma patients could lead to delays in healing through a variety of mechanisms, including effects on the vascular system, stem cell differentiation and remodeling of the newly formed skeletal tissues. Future work will focus on identifying the molecular mechanisms that mediate macrophage function at the fracture site, and on treatment strategies to enhance the repair process in patients with skeletal injuries.
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